During the past 30 yr, rice breeding efforts have been yield may not represent genetic gain in yield potential. The increasing directed towards incorporation of disease and insect trend in yield of cultivars released before 1980 was mainly due to the resistance, earlier maturity, and improving grain quality improvement in harvest index (HI), while an increase in total biomass (Khush, 1990) . To date, 44 semidwarf indica cultivars was associated with yield trends for cultivars-lines developed after developed by IRRI for the irrigated lowland ecosystem
Results suggest that further increases in rice yield potential
have been released in the Philippines. These cultivars will likely occur through increasing biomass production rather than and their derivatives have been widely grown in South increasing HI.
and Southeast Asia and account for more than 80% of total rice production in this region. However, the yields of these rice cultivars have not been compared when D uring the past 30 years, rice production in Asia grown under the same field conditions at the same time. more than doubled as a result of the adoption of It is important to determine the contribution of plant modern cultivars, increased investments in irrigation, breeding to yield improvement because it may provide greater use of fertilizer, and some expansion in cultiinsights into the optimum strategy for attaining further vated area. The production environment in the future gains (Wych and Stuthman, 1983) . is projected to be very different. Expansion of area is Genetic improvement in grain yield has been inten-S. Peng, R.C. Laza, R.M. Visperas, and A.L. Sanico, Agronomy, Plant sively studied in wheat, barley, oat, and maize (Austin Physiology and Agroecology Division, International Rice Research et al., 1980; Wych and Rasmusson, 1983; Wych and Institute (IRRI), P.O. Box 3127, MCPO, 1271 Makati City, PhilipStuthman, 1983 Tollenaar, 1989; Feil, 1992 Sci. 40:307-314 (2000) . (Lawes, 1977; Austin et al., 1980;  transplanting. Plants received a total of 200 kg N ha Ϫ1 . Fertil- Riggs et al., 1981) , which is associated with ideotype izer N in the form of urea was applied in four splits (60 kg as characters, e.g., short stature in wheat and the uniculm basal, 40 kg at mid-tillering, 60 kg at panicle initiation, and habit in maize and sunflower, Helianthus annuus L.
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40 kg at flowering) to ensure N sufficiency for all entries. The (Sedgley, 1991) . Others reported that the improvement timing of N application was based on the growth stages of the in yield potential has been associated with increases in individual entries. Standard cultural management practices biomass yield in wheat (Waddington et al., 1986) , maize were followed. Fields were flooded 4 d after transplanting and (Tollenaar, 1989) , oat (Payne et al., 1986) , and soybean a floodwater depth of 5 to 10 cm was maintained until 7 d (Cregan and Yaklich, 1986) . McEwan and Cross (1979) , before physiological maturity of each cultivar-line when fields were drained. Pests were intensively controlled using chemi- Wych and Rasmusson (1983) , and 35.5 cmol kg Ϫ1 cation exFlowering was determined when 90% of hills had at least one change capacity.
stem that started anthesis. The crop reached physiological In the dry season of 1996, 10 cultivars and two lines were maturity when 95% of spikelets had turned from green to arranged in a randomized complete block design with four yellow. In this paper, rice development is divided into three replicates. Information on these 12 entries is provided in Table  phases : vegetative (from sowing to panicle initiation), repro-1. The 10 cultivars were chosen because of the large area ductive (panicle initiation to flowering), and grain filling (flowplanted to them during different historical periods. The two ering to maturity). breeding lines were included because of their superior perforPlants were sampled from a 0.48-m 2 area (12 hills) at midtillmance in the yield trials at IRRI and in the Philippine national ering, panicle initiation, flowering, and physiological maturity cooperative tests. Breeder's seeds of the 12 entries were used.
in 1996, and only at flowering and physiological maturity in The breeder's seeds were stored at 18ЊC and multiplied very 1998. Three rows were left in the border areas to avoid the 4 yr. Fourteen-day-old seedlings were transplanted on 13 Januborder effect. All plant samples were separated into green ary at IRRI and on 9 January at PhilRice. Hill spacing was leaf blades (leaf), culm plus sheath (stem), and panicles, when 0.2 by 0.2 m with four seedlings per hill. Plot size was 5 by 6 m. Phosphorus (30 kg P ha Ϫ1 as single superphosphate), present. Leaf area was measured with a leaf area meter (LI- 3000, LI-COR, Lincoln, NE) and expressed as leaf area index location and entry were significant for most parameters (LAI) . Dry matter of each component was determined after measured in 1996. The interactive effects of location ϫ oven drying at 70ЊC to constant weight. Crop growth rate entry were small but statistically significant for a few (CGR) was calculated based on aboveground biomass accuparameters. However, historical cultivar trends in these mulation over a time interval. At physiological maturity, paniparameters were similar in the two locations. Therefore, cles were hand threshed and the filled spikelets were separated means of the two locations in 1996 were presented, from half filled and empty spikelets by submerging them in except in Fig. 1. tap water. The filled spikelets were then oven dried at 70ЊC There were significant differences in grain yield to constant weight for determining individual grain weight.
among the cultivars-lines in both years (Table 2) . Grain Spikelets per panicle, grain-filling percentage (100 ϫ filled spikelet number/total spikelet number), and HI were calcuyield of the 12 entries ranged from 7.6 to 9.9 Mg ha Ϫ1 lated. Canopy height was measured in the field at physiological at IRRI and from 6.1 to 10. IR36, IR50, and IR60) produced more panicles than the
The error variances of the two locations were homogeneous old cultivars such as IR8, BPI76, IR20 and IR26 (Table   in all parameters. Therefore, the pooled error of the two 2). Cultivars-lines developed between 1985 and 1995 locations was used to test the significance of the between-(IR64, IR72, IR59682-132-1-1-2 and IR65469-161-2-2-3-locations variation, the variation among entries, and the location ϫ entry interaction. Mean comparisons were made ments. Analysis of variance revealed that the effects of 
2-2) had intermediate panicle numbers. Cultivars-lines
Generally speaking, cultivars released in the first period (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) had taller stature, lower tillering capacwith large number of panicles had fewer spikelets per panicle. There were significant differences in spikelet ity, higher LAI at flowering, and lower HI than did other groups (Table 4) . Cultivars released in the second number per m Ϫ2 , grain filling percentage, and 1000-grain weight among cultivars-lines. However, these three period (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) had shorter stature, higher tillering capacity, lower LAI, lower total dry matter, and higher yield components did not show historical cultivar patterns in the three experiments. The historical yield trend HI. Cultivars-lines developed in recent years (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) were intermediate in canopy height, tillering cacould not be attributed to a single yield component. Low yield of cultivars developed between 1966 and 1973 pacity, and LAI. Cultivars in this group were able to maintain relatively high HI although their total dry matwas due to poor grain filling and/or low grain weight. Cultivars released in the period between 1974 and 1983 ter was the greatest among the three groups. Total growth duration was shortest for the cultivars also had low grain weight. IR64 had relatively high grain filling percentage and grain weight, but low spikelet released between 1974 and 1983, 10 d on average shorter than cultivars developed before and after this period number per m Ϫ2 . The high yields of IR72 and IR59682-132-1-1-2 were attributed to the fact that none of their (Table 5) . Genotypic difference in the duration of grain filling was smaller than in the durations of vegetative yield components was extremely low. In spite of poor grain filling, IR65469-161-2-2-3-2-2 produced high grain and reproductive phases (Table 5 ). Average CGR from transplanting to physiological maturity tended to inyield because of high spikelet number per m Ϫ2 and heavy grains.
crease from old to new cultivars (Table 6 ). Crop growth rate after midtillering and before flowering showed little in total dry matter were associated with yield trends for cultivars-lines developed after 1980. difference among the entries. Large variation among cultivars-lines was observed from transplanting to midtillering and from flowering to physiological maturity DISCUSSION (Table 6) . From flowering to physiological maturity,
The annual rate of increase in grain yield based on CGR of recently developed materials except for the 12 cultivars-lines developed since 1966 was about IR59682-132-1-1-2 was greater than older cultivars.
1%. This result is very similar to previous reports on There was a positive correlation (P Ͻ 0.01) between other crop species. The estimated annual yield gains grain yield and HI for the cultivars released before 1980 from plant breeding were 0.8% for oat cultivars released (Fig. 1A) , whereas total dry matter was not related to since 1923 in Minnesota, USA (Wych and Stuthman, grain yield for these cultivars (Fig. 1B) . For cultivars-1983), 0.9% for malting barley cultivars since 1920 lines developed after 1980, total dry matter instead of (Wych and Rasmusson, 1983) , 0.5 to 0.6% for winter HI was correlated with grain yield. Therefore, the inwheat (Johnson et al., 1968; Austin et al., 1980) , and crease in yield of cultivars released before 1980 was 0.5 to 0.9% for soybeans (Luedders, 1977; Boerma, 1979; Wilcox et al., 1979) . mainly due to the improvement in HI, while increases production (Takeda et al., 1983; Evans et al., 1984 about 15% higher yield than inbreds mainly because of an increase in biomass production rather than in HI The contribution of biomass production and HI to (Song et al., 1990; Yamauchi, 1994) . This suggests that genetic gains in grain yield potential varied among diffurther improvement in rice yield potential might come ferent studies. Our results indicate that the yield imfrom increased biomass production rather than inprovement of rice cultivars released before 1980 was creased HI. associated with increases in HI, while the yield improveCultivars released during the first period (1966-1973) ment after 1980 was due to increases in biomass produchad poor grain filling and/or low grain weight which tion. The cultivars-lines developed after 1980 had relareduced HI and grain yield. Improvements in grain filltively high HI and further improvement in HI was not ing and HI were achieved in the cultivars released during the second period (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) (1982) (1983) . These improvements There was a negative relationship between HI and can- semidwarf rice and wheat may limit canopy photosyn-thesis and biomass production (Kuroda et al., 1989;  to that of today. The highest yield obtained with the most recently released cultivars-lines was also 9 to 10 Gent, 1995). A taller canopy has better ventilation and therefore higher CO 2 concentration inside the canopy Mg ha Ϫ1 . Therefore, the 1% annual increase in yield may not represent genetic gain in yield potential. We (Kuroda et al., 1989) . However, we cannot select for tall plants to increase biomass production if lodging cannot exclude the possibility that there have been new biotic and/or abiotic constraints in the intensive irrigated resistance and HI cannot be maintained.
Cultivars-lines developed during the most recent pelowland rice ecosystems, and the more recent cultivars are better adapted to these changes. Identification of riod (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) were intermediate in canopy height, total growth duration, panicle size, and tillering capacity.
abiotic and/or biotic factors that caused the reduction in yield potential of the old cultivars is beyond the scope High grain yield of these new materials was due to their ability to maintain a moderately high HI even though of this study. Future studies should be conducted to determine the causes of poor grain filling and low CGR they had high biomass production. This ability was associated with high CGR during the ripening phase.
during the grain filling period of IR8 and other older cultivars in the present environment. In this study, the difference in grain filling duration 1966-1973, 1974-1983, ical aspects of crop yield. ASA, Madison, WI. and 1985-1995 (23.3, 22.9, and 23 Mg ha Ϫ1 at IRRI in 1998. The low yield of IR8 was due 1636-1642. to poor grain filling and low HI. Grain filling was 63% to 90% and HI of about 50%. Crop management, such
Kuroda, E., T. Ookawa, and K. Ishihara. 1989. Analysis on difference of dry matter production between rice cultivars with different plant as transplanting spacing and plant density, was similar
